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Abstract 
Unreasonable energy structure and socioeconomic activities are coupled with an adverse effect on air 
quality conditions in China. In this paper, Input-output analysis (IOA) and Ecological network analysis 
(ENA) are combined to investigate the embodied PM2.5 emissions that result from the current monetary 
flows and energy structure. The results show that, in 2010, 34 percent of the total PM2.5 emissions, or 
59.4kt PM2.5, were indirect emissions traded through economic sectors within Beijing. Based on the 
results of ENA, we found that “Smelting & Pressing of Metals“, “Metal Products” and “Nonmetal 
Mineral Products“ are the top three sectors with the highest control levels while “Agriculture”, “Catering 
Services” and “Residential Services” are the lowest-ranking sectors among the system. Distributing the 
indirect emissions to original sector and identifying the control relationship of each sector provide a new 
point of view on formulating impartial and effective polices of alleviating the air pollution. 
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1. Introduction 
China, with an annual economic growth rate of over 8% for years, largely through the energy-intensive 
construction of infrastructure, is facing big challenges to meet air quality regulation. A report from China 
National Environmental Monitoring Centre showed that average concentrations of PM2.5 over the period 
of January to March 2013 in 74 Chinese cities was 96 μg/m3, exceeding 174% of the standard 
concentration. What is worse, numerous scientific studies have been proved that TSPM can get deep into 
the lungs and cause serious health problems, like respiratory and pulmonary diseases [1, 2]. Beijing, as the 
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capital city of China, only had 41 excellent days in the whole year of 2013. In response to the severe air 
pollution, authorities in Beijing quickly released detailed and strict criteria for PM2.5 mitigation and taken 
measures to improve air quality levels. A Five-year Clean Air Action Plan in Beijing (2013-2017) has 
been issued to reduce the particle density of PM2.5 by 25% or more until 2017 relative to 2012 [3]. 
Previous studies of air pollutants are largely related to the chemical composition [4], health effect [5] 
and main direct sources [6]. Interpreting the policy requirement on air pollution in Beijing, energy-
intensive industries and transportation are the key sectors to reduce the PM2.5 emission. However, studies 
on the emissions embodied in regional trade are quite few. Thus, policy attention is needed towards 
controlling indirect air pollutants (i.e., embodied emissions). We should distribute the project 
responsibility based on a systematic perspective, considering both direct and indirect emissions from each 
sector. Therefore, it is crucial to trace particulate matter back to its source sectors. Furthermore, 
identifying the dominant sector(s) will throw light on pollution control strategies. 
The research objectives are to: i) quantify the direct and indirect PM2.5 emissions embodied in 
consumption from interconnected economic sectors by using input output analysis (IOA), ii) trace the 
transferring routes of PM2.5 emissions among various economic sectors according to the results of IOA, 
and iii) identify the dominant emitting sector(s) based on the simplified embodied PM2.5 emission matrix 
and ecological network analysis (ENA). 
Nomenclature 
Abbreviation 
TSPM Total Suspended Particulate Matter 
PM2.5 Particulate Matter 2.5 
IOA Input Output Analysis 
ENA Ecological Network Analysis 
AGR Agriculture 
MID Mining & Dressing 
PMP Papermaking & Printing 
PPC Petroleum Processing & Coking 
CHE Chemicals 
NMP Nonmetal Mineral Products 
SPM Smelting & Pressing of Metals 
MEP Metal Products 
OSM Ordinary & Special Machinery & Equipment 
WAS Waste 
PEH Production & Supply of Electricity & Heat 
CON Construction 
TRS Transportation & Storage 
CAS Catering Services 
RES Residential Services 
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Symbols 
x Sectoral output 
I Identity matrix 
A Coefficient matrix 
(I-A)-1 Leontief inverse matrix 
y Final demand 
k PM2.5 emission coefficient 
DPM Direct PM2.5 emissions 
IPM Indirect PM2.5 emissions 
CD Control difference 
CR Control ratio 
 η          Factional transfer coefficients 
Subscript 
i       i-th sector in row 
j       j-th sector in column 
2. Material and methods 
Input-output analysis (IOA) is used to distinguish direct and indirect emissions from each sector and 
trace those embodied emissions back to the source sectors [7]. Ecological Network Analysis (ENA) as a 
systems-oriented methodology used to analyze the structure of ecosystems and identify flow of materials 
within the system is adopted in this study to reveal the control relationship of each sector over the others 
in terms of both direct and indirect emissions and determine which economic sectors drive the embodied 
PM2.5 emissions [8, 9]. These two approaches are therefore applied in tandem to investigate the emissions 
embodied in producing and supplying goods and services in Beijing, and then identify the dominant 
sector(s) driving the PM2.5 emissions in the whole system. The analysis is conducted using 2010 Input-
output data from Beijing Statistical Yearbook and emission data from greenhouse gas–air pollution 
interactions and synergies (GAINS) model that is developed by the International Institute for Applied 
Systems Analysis (IIASA). 
2.1. Theory/calculation 
IOA is widely used to analyze the environmental problems. The specific derivation of the formula has 
been described by many researchers in detail [10, 11]. Here only the main equations are listed. The direct 
and indirect PM2.5 emissions are calculated as: 
( ) PMD k I A y                                                                                                                                 (1) 
1( ) ( )   PMI k I A y k I A y                                                                                                       (2) 
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ENA is adopted to present the degree of each economic sector controlled by other sectors in terms of 
the embodied PM2.5 emissions and to find one or several sectors playing the dominant role from a 
systematic perspective. More detailed calculation of the equation in this analysis can be found in previous 
studies [12]. It is based on a pair-wise integral flows to measure the level of control and dependence of 
each sector [13]. The network-based control differences and ratio are determined by flow-forward and 
flow-backward transfer efficiencies, G, G’, and integral flow matrices, N and N’. System-based 
comparisons of the fractional transfer values are revealed by the control difference: 
K K ij ij jiCD                                                                                                                                     (3) 
Pair-wise sectoral comparisons of the fractional transfer values can be easily interpreted by the control 
ratio:  
max( , )
K K
K K
 ij jiij
ij ji
CR                                                                                                                           (4) 
Thus, system control vector that represents the level of hierarchy of each sector within the system can 
be calculated by summing the rows of the control difference matrix. 
3. Results 
Figure 1 compares direct and indirect PM2.5 emission by its percentage. Overall, for all sectors, indirect 
emissions account for 33.6 percent of the total. The sector with the greatest proportion of indirect 
emissions is “PEH” with 68 percent. “CON” is 6 percent, ranking the least. 
 
Figure 1 Comparison of percentage of direct and indirect PM2.5 emission from 15 aggregated sectors 
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Figure 2 describes the control difference of each sector. By recognizing the color of PMP sector and 
AGR sector in the row, it shows that most of pair-wise sectoral relationship are dependent on the other 
sectors. However, RES, TRS and CAS are the sectors that have dominant positions among the pair-wise 
sectoral comparison. These three sectors are closely related to the tertiary industry. Meanwhile, MID, 
PPC and MEP are the sectors showing a neutral relationship when connecting with other sectors. 
Figure 2 Pairwise control/dependence relationship between 15 economic sectors based on the results of 
ecological network analysis (ENA) 
Notes: Positive numbers represent the control relationship, negative numbers refer to the dependent 
relationship. The control/dependence relationships of each sector are illustrated from the column to the 
row (e.g.: RES sector has strong control over PMP sector and PMP sector is largely dependent on RES 
sector) 
4. Discussion and conclusions 
According to the results, indirect PM2.5 account for 33.6 percent of total emissions that has been 
neglected when formulating the policies to address the air pollution. Within the 15 economic sectors, 
sectors related to production and supply of material are in the top 3 list of control sectors. It is because 
their production process contains high intensive PM2.5 emissions which was embodied in the products and 
transported to other sectors.  
“SPM”, “MEP” and “NMP” are the dominant sectors of PM2.5, which reveals that material productions 
should set strict regulations to reduce the PM2.5 emissions. Those sectors are obligated to not only apply 
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advanced green technologies, but also adopt a quota system when producing products. The industries who 
meets the reduction target of PM2.5 emissions can produce more products. 
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